Interferometry has been used for many years as a semi-quantitative image-based diagnostic for combustion research. In this paper, we use image-plane, double-pulse holographic interferograms of axisymmetric flames to infer their radial temperature distribution. An Abel inversion is performed on the fringe data to account for line-of-sight integration through the flame. The sensitivity of nonresonant refractive diagnostics decreases inversely with temperature, and the accuracy of the technique is discussed in this context. A small, nonpremixed capillary flame is investigated, and the temperatures inferred from interferometry are compared with those obtained with N 2 coherent anti-Stokes Raman spectroscopy thermometry. Additionally, the thermal field of a burning monodisperse methanol droplet stream is investigated interferometrically. Because of their small size, both of these flames challenge the performance limit of temperature interferometery.
Introduction
In some cases, an important challenge facing those trying to evaluate combustion systems is the lack of an appropriate global sensor. That is, while point measurements are made with great regularity and often with great precision, measurements at a single location do not always correlate with combustion performance. Planar laser induced fluorescence, direct light photographs, schlieren and shadowgraphy, and interferometry are examples of plane measurements that can give, in a single measurement, an indication of flame shape and structure. The latter three techniques are easier to employ than the former, but they suffer from line-of-sight integration ambiguity. Fortunately, and particularly in axisymmetric systems, this ambiguity often can be resolved through a relatively straightforward tomographic reconstruction. In this paper we describe the use of double-pulse interferometry on small, nominally axially symmetric flames, one a methane-air diffusion flame burning at the end of the metal capillary through which the fuel issues, and the second a monodisperse droplet stream flame. These flames are less than one centimeter in extent ͑i.e., based on the reaction zone location͒ so, despite the high temperature gradients, the light deviation through the thermal field is very small, challenging the sensitivity and the accuracy of interferometric measurement. The goal of the work is to demonstrate the potential for quantitative, fullfield, two-dimensional measurements of temperature in these flame situations.
Abel Equation
The line-of-sight emission or propagation of radiation through cylindrical objects can be described by the Abel 1 equation,
where r is the radial location, F͑r͒ is the original radial distribution, and x is the transverse coordinate. To obtain the original radial distribution from the recorded line-of-sight information, one must de-convolve the data. The solution of Eq. ͑1͒ is the Abel inversion,
where pЈ͑ x͒ denotes the derivative ͓dp͑x͒͞dx͔. In practice, the upper limit of the Abel transform and its inverse are integrated to a point at which the function under integration ͓F͑r͒ or pЈ͑x͔͒ no longer varies significantly. Although the Abel equation is well understood, it is difficult to apply because a derivative of the projection data is required, and the integrand diverges at r ϭ x. There are three main types of numerical algorithms that can be used to deconvolve line-ofsight data to the radial field distribution: ͑a͒ Abel inversion, ͑b͒ onion peeling, and ͑c͒ filtered backprojection. 2-4 Dasch 4 compares three deconvolution methods for arbitrary line-of-sight data sampled at equal radial spacings. Overall, the three-point Abel inversion is recommended for its ease of calculation, robustness, and accuracy, and this is the method we apply.
To test our implementation of the three-point Abel inversion, the line-of-sight integration and inversion of an arbitrary radial field distribution is shown in Fig. 1 . The original distribution-a combination of step, Gaussian, and Lorentzian functions-F͑r͒ is shown in Fig. 1͑a͒ . The line-of-sight integration, as calculated with Eq. 1, is shown in Fig. 1͑b͒ . The inversion, calculated with Eq. 2, is plotted on top of the original distribution in Fig. 1͑a͒ . The inversion compares very well to the original distribution. As expected, the most difficult region to capture is on the far side of the step function, where derivatives are discontinuous.
Experiments

A. Holographic Interferometry
The total transpired phase of a light wave that passes through a medium with index of refraction, n͑z͒, is related to the refractivity such that
where L is the length through which the radiation propagates. The double-exposure interferometer setup used in this work measures the small difference in phase between light that travels through the flame with refractivity, n͑ z͒, and light that does not travel through the flame with refractivity, n 0 ͑z͒. This difference in phase is
Unlike with the Mach-Zender interferometer, with the double-exposure interferometer the interfered light travels the same path except across the flame section, and thus the aberrations of the optics are automatically subtracted. For the steady capillary flame experiments, a 50-mW cw argon ion laser, ϭ 488 nm, with vertical polarization is used as the light source. For the unsteady droplet stream flame experiments, a pulsed frequency-doubled Nd:YAG laser ͑ ϭ 532 nm͒ is the illumination source. Vertical polarization is retained throughout the optical arrangement for maximum diffraction efficiency of the recorded hologram. 5 The beam is split into an object and a reference beam with equal intensity by a broadband nonpolarizing cube beam splitter. Each beam is then reflected by way of mirrors and expanded to a 5-cm diameter beam with a microscope objective and planar-convex lens ͑the objective is replaced with a short focal length lens when used with a pulsed laser͒. The reference beam is also spatially filtered to obtain uniform intensity and planar wave fronts. The collimation of each beam is verified with a shear plate. The collimated object beam then passes through the flame and is refocused and collimated by a planar-convex lens pair separated by a distance equal to the sum of their focal lengths. The holographic plate is placed at the intersection of the reference and object beam, which is located on the centerline of the symmetric system. The symmetry of the system ensures a path matching of the object and reference beams for good diffraction efficiency. The lens pair in the object beam allows the flame luminosity to be spatially filtered by an iris and also enables an image plane hologram to be recorded. Image plane holograms of flames mitigate any shadow effects that create variations of intensity across the recorded image by refocusing the light that is refracted by the flame back onto the image plane. 6 Additionally, image plane holograms can be reconstructed by white light, which reduces speckle noise. 5 The holographic plates used in this experiment are Colourholographic Ltd. HRT BB-520 10.16 ϫ 12.7-cm plates that are sensitive in the green. To process the plates chemically, we use Kodak D-19 developer and a standard amidol-potassium bromide rehalogenating bleach to obtain high diffraction efficiency ͑ϳ10%͒. The holograms are reconstructed using white light and either a Nikon SLR camera or a 1024 ϫ 1024 CCD camera with LCD shutter; both utilize a 50-mm macro SLR lens. For the steady-flame experiments, the continuous laser system was operated at 30 mW with a 0.1-second exposure, and for the unsteady case, a single 50-mJ, ϳ8-ns, Nd:YAG laser pulse exposed the plates.
B. Electric Field Controlled Capillary Flame
The capillary flame used in this work is a small gas jet identical to the one used previously by Carleton and Weinberg and Strayer et al. [7] [8] [9] The flame rests at the tip of a vertically downfired capillary. An electric potential between a charged plane and a ground plane generates an ion wind to counteract the effects of buoyancy and brings the flame into partial symmetry.
In the present study we use a simple diffusion flame geometry by placing a permeable wire gauze as an anode below a downward-facing 1.7-mm outsidediameter metal capillary, protruding through an identical permeable wire gauze acting as the cathode; see Fig. 2 . When a microbuoyant environment is desired, we increase the electric potential between the anode and cathode until a point of balance is reached, as in Fig. 3 . The visual indication of when the point of balance has been achieved is that the flame becomes spherical and symmetrical around the capillary mouth. A complete description of ion winds and electric field controlled microbuoyant flames can be found in the works of Lawton and Weinberg, Carelton and Weinberg, and Strayer et al. [7] [8] [9] [10] [11] [12] 
C. Burning Droplet Stream
In a droplet stream flame the manipulated breakup of a liquid capillary fuel jet produces a monodisperse rectilinear array of small droplets ͑50 -150 microns diameter͒ at fairly high velocity ͑5-10 m͞s͒ and at relatively close interdroplet spacing ͑2-8 droplet diameters͒. These droplets are then ignited ͑using a hot effluent, a pilot flame, or a resistively heated coil͒ to produce a high aspect ratio droplet stream flame. ing initially at approximately 8 m͞s. The droplet stream was ignited with a resistively heated coil that ignites the droplets as they pass through the coil. Droplet stream flames have been studied fairly extensively, but they have not yet been examined interferometrically. Further details of droplet stream flames and prior experiments appear in, for example, Connon et al. 13 and Virepinte et al. 14 
Results
It is well known that temperature and density can be determined from interferometric measurements. For example, the development in Weinberg 15 expresses the refractive index as
where ␦n is the fractional change in both the light velocity and the wavelength, ongoing from the gas to the vacuum. For an ideal gas at constant pressure, if ␦n is known at a reference temperature T 0 , then the refractivity at another temperature is simply
This relation shows that the refractivity is inversely related to temperature assuming no dissociation. Differentiating Eq. ͑6͒ gives
showing that the change in the refractivity is smaller for higher temperatures. This means that sensitivity, and thus accuracy, of making temperature measurements from refractivity decreases as the temperature increases. Measuring refractivity in flames to infer the temperature requires that the refractivity of the combustion reactants and products be known. A methane-air flame with reactants CH 4 ϩ 2O 2 ϩ 7.52N 2 , and products CO 2 ϩ H 2 O ϩ 7.52N 2 have ␦n refractivities of 0.000307 and 0.000305, respectively. 15 The difference in ␦n is less than 1%. This means that interferometric fringe shifts in premixed methane-air flames will be due primarily to temperature changes and not to composition. Xiao et al. 16 describes temperature measurements in a partially premixed Wolfhard-Parker slot burner using double-exposure holographic interferograms. Errors in the range of 6 -34% were reported due to errors in the variation of the composition of the flame. Xiao et al. 16 reported that interferometric thermometry of nonpremixed flames could result in larger discrepancies if the variation of refractivity with composition is not accounted for. We explored the effect of the fuel-rich region at the center of the flames, on the nonpremixed combustion systems explored in this paper, by calculating the contribution of the cold fuel to the total interferogram. The result was that the fuel contributed less than 0.1 fringes of information to the final interferogram. Briefly reviewing, to avoid ambiguity, the total transpired phase of light through a field of index of refraction is described by Eq. ͑3͒. If the index-ofrefraction field is cylindrically symmetric such that it can represented as n͑r͒, then the Abel equation transforms the line integral to cylindrical coordinates
where R is the maximum radial location. 17 The solving of Eq. ͑8͒ is the Abel inversion,
where Ј͑x͒ denotes ͓d͑x͒͞dx͔. Once the index of refraction is known, Eq. ͑6͒ is used to calculate the temperature relative to the temperature and the re- A. Capillary Flame Figure 3 shows images ͑both total luminosity and CH chemiluminescence͒ of the capillary flame under increasing electric field. The point of approximate balance is indicated by the arrow. Figure 6 shows the resultant interferograms from ͑a͒ the natural buoyant and ͑b͒ the electric-field induced balanced case.
Fringes of a vertical slice from the tip of the capillary down are counted manually and recorded relative to their position, measured from the tip of the capillary.
A third-order polynomial is fit to the fringe number as a function of position and plotted in Fig. 7͑a͒ . The total phase transpired by the radiation as it passes through the flame is calculated from the fringe data with Eq. ͑8͒ and is plotted in Fig. 7͑b͒ . We calculate the total phase through the flame by adding the fringe information from Fig. 7͑a͒ to the phase calculated from Eq. ͑8͒ where n͑r͒ ϭ n 0 ͑r͒. The radial distribution of the index of refraction, shown in Fig.  7͑c͒ is obtained through the Abel inversion of the total phase, Fig. 7͑b͒ . The temperature is calculated relative to the refractivity and temperature far from the flame with Eq. ͑6͒. The temperature of the natural and balanced conditions is shown in Fig. 7͑d͒ . As a comparison, coherent anti-Stokes Raman spectroscopy ͑CARS͒ is used to probe the temperature of N 2 in the small flame and in its surroundings. CARS has been developed for combustion applications over the past 25 years, with a fairly complete practical description provided by Eckbreth. 18 A full description of the CARS system and measurements used here is presented in Strayer et al. 7, 8 CARS measurements in small flames and in regions of large temperature gradients are spatially averaged and heavily biased towards the cold, highdensity gas. 19 For this reason, the 5-mm-diameter capillary flame used in this experiment poses a challenge to minimize spatial averaging bias. Folded BOXCARS with a 175-mm-focal-length lens minimizes the size of the probe volume. Results from the CARS experiments provide quantitative temperature profiles for the region extending vertically downwards from the tip of the capillary to several flame diameters beyond the flame. Figure 8 compares CARS and interferometric thermometry ͑IT͒. The measurements agree very well outside the flame front. Near the flame front, where the temperature gradients and temperatures are high, both CARS and IT have difficulties. The difficulties are exacerbated where the flame approaches the capillary, because the gradients are further steepened near the relatively cool solid boundary. The CARS temperature measurements are biased towards the cold, while the IT measurements are less sensitive due to the high temperatures and short path lengths. Overall, however, the interferometry with Abel inversion performs well in this small, steady, nonpremixed, axisymmetric flame.
B. Droplet Stream Flame
Holographic interferometry can be used to record refractivity in multiphase systems without any additional modifications of the experimental setup. 20 In our case, however, we replaced the cw argon-ion laser with a Nd:YAG 10-Hz, 8-ns͞pulse laser in order to capture the rapidly moving droplets without blurring. The droplet stream results are not time averaged, therefore, but instantaneous snapshots of the thermal field surrounding the droplet stream flame. An interferogram of the burning droplet stream is shown in Fig. 9 . We obtain this interferogram by recording the phase information without the flame burning and then again with the flame on. The fringe data is extracted manually by counting the fringes and recording the position of the fringes relative to the line of symmetry in the image. Two lines of data are taken, and the fringe positions are averaged. The regions that are used for data are highlighted in Fig. 9 . A comparison between the temperature determined from the average interferometric fringe shifts and the previously reported CARS temperature measurements 21 is shown in Fig.  10 .
In contrast with the results in Subsection 4.A, the droplet stream data are disappointing. The interferometric image shows that the thermal field is not axisymmetric. In addition, the thermal field, as shown by the interferogram, does not track symmetrically along with the droplet stream, as does the chemiluminescence shown in Fig. 5 . These results demonstrate that the reaction zone in the droplet stream flame is effectively decoupled from the thermal field that it produces. In particular, buoyancy significantly affects the thermal field that is relatively distant from the stream centerline. In the center of the system, however, the droplets drag the gas phase along with them, creating a relatively high momentum core flow that resists interaction with buoyant plumes. Continuous combustion of the droplet stream relies on the fuel and the oxidizer to diffuse and reach some stoichiometric value to sustain a reaction. The heat of the flame drives the vaporization of the fuel droplets, but the vaporized fuel from the train of droplets inhibits new vaporization. 13 Owing to the errors that can be introduced by the difference in fuel and oxidizer refractivities, 16 a species correction in the fringe shift to estimate the contribution of the fringe shift of the evaporating liquid fuel when making line-of-sight measurements may be needed. In the droplet stream case, the contribution of the methanol vapor to the measured fringe shift through the Abel transform is less than one tenth of a fringe. This is small in comparison with the total fringe shift due to temperature. The species correction slightly increased the temperature of IT results near the centerline of the stream, but did not significantly improve the CARS and IT data comparison. A simulation of the droplet stream interferogram from the CARS data is shown in Fig. 11 . The simulated interferogram has strong resemblance to the one experimentally recorded in Fig. 9 , but in this case the qualitative similarity does not translate into reliable quantitative measurements. Although the Abel inversion of interferograms, to determine temperature, is very sensitive to fringe position, the inclusion of the species correction into the interferogram simulation did not alter the fringe position appreciably.
Summary and Conclusions
Holographic interferometry provides quantitative maps of the thermal field around very small ͑less than 1-cm path͒ axisymmetric flames as long as they are stable. In the microbuoyant capillary flame, for example, it is possible to imagine the real-time evaluation of the interference pattern as a measure of flame behavior. For unsymmetric and unsteady situations, however, the quality of the information is less apparent. In the droplet stream flame, the thermal field decouples from the stream itself, being subject to global buoyant forces. In this case, the thermal field is not a good marker for the flame structure. Furthermore, when using IT, the variation of refractivity due to the species can not be corrected over such small geometries, and thus temperature can not be resolved with confidence in the droplet stream flame. Since the IT technique, when used over small geometries ͑as in this paper͒, is very sensitive to small changes in fringe shift position an automated determination of the interferometric fringe shift should be used.
